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Hepatic glycogenolysis is determined by
maternal high-calorie diet via methylation of
Pygl and it is modified by oteocalcin
administration in mice
Tomoyo Kawakubo-Yasukochi 1,*,7, Ena Yano 1, Soi Kimura 1,3, Takuya Nishinakagawa 2, Akiko Mizokami 1,
Yoshikazu Hayashi 4, Yuji Hatakeyama 4, Kenji Ohe 5, Atsushi Yasukochi 3, Seiji Nakamura 3, Eijiro Jimi 1,
Masato Hirata 6,**
ABSTRACT

Objective: Accumulating evidence indicates that an adverse perinatal environment contributes to a higher risk of metabolic disorders in the later
life of the offspring. However, the underlying molecular mechanisms remain largely unknown. Thus, we investigated the contribution of maternal
high-calorie diet and osteocalcin to metabolic homeostasis in the offspring.
Methods: Eight-week-old C57Bl/6N female mice were mated with age-matched males and allocated randomly to three groups: a normal-diet
(ND) or a high-fat, high-sucrose diet group, which was administered either saline (control) or GluOC (10 ng/g body mass) from the day of mating to
that of delivery, and the dams were fed a ND after the delivery. Pups weaned at 24 days after birth were analyzed.
Results: A maternal high-fat, high-sucrose diet during pregnancy causes metabolic disorders in the liver of the offspring via hypermethylation of
the Pygl gene, encoding glycogen phosphorylase L, which mediates hepatic glycogenolysis. The reduced expression of Pygl induced by the
maternal diet causes the hepatic accumulation of glycogen and triglyceride in the offspring, which remains in adulthood. In addition, the
administration of uncarboxylated osteocalcin during pregnancy upregulates Pygl expression via both direct CREBH and ATF4 and indirect epi-
genomic pathways, mitigating the maternal diet-induced obesity and abnormal glucose and lipid metabolism in adulthood.
Conclusions: We propose that maternal energy status is reflected in the hepatic glycogenolysis capacity of the offspring via epigenetic
modification of Pygl and uncarboxylated osteocalcin regulates glycogenolysis.

� 2021 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Non-communicable diseases (NCDs), particularly those classified as
NCD4, which includes cancer, diabetes, cardiovascular disease, and
chronic respiratory disease, have emerged as the leading cause of
human morbidity and mortality worldwide [1]. Unhealthy diets, physical
inactivity, excess alcohol consumption, and exposure to tobacco
smoke have been identified as the four most common and preventable
risk factors that contribute to the etiology of NCDs. Of these, nutritional
status is considered the most difficult to tackle. In addition to such
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diets having effects on the individual consuming them, it is well known
that nutrition during pregnancy and early life plays an important role in
fetal and neonatal growth and development [2]. Moreover, recent
studies have shown that improper nutritional status during pregnancy
can cause chronic metabolism-related disorders in the offspring,
predisposing individuals toward NCDs in later life [1]. This concept is
currently referred to as the Developmental Origins of Health and Dis-
ease (DOHaD) [2].
The effects of maternal nutrition on the offspring are thought to be
mediated via epigenetic mechanisms, such as DNA methylation,
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histone modification, non-coding RNAs, and nucleosome remodeling
[2]. Most epigenetic studies regarding the developmental program-
ming of metabolic disorders have focused on DNA methylation [3,4].
However, little is known regarding how the DNA methylation status of
specific genes, established during early life, could affect the devel-
opmental programming of NCDs.
Osteocalcin (OC), the most abundant non-collagenous protein in bone,
is produced by osteoblasts [5]. It undergoes vitamin K-dependent post-
translational g-carboxylation to produce Carboxylated OC or Gla-
protein (GlaOC), which is deposited in the bone matrix, but a small
proportion of the OC remains uncarboxylated (GluOC). Furthermore,
GlaOC can be decarboxylated to yield GluOC in the process of
osteolysis, which is performed by activated osteoclasts. Many recent
studies have shown that GluOC can ameliorate diabetes by affecting
multiple aspects of systemic glucose and energy metabolism [6e12]
through a mechanism that is dependent on the interaction with its
putative receptor G protein-coupled receptor, class C, group 6,
member A (GPRC6A) [13].
In our previous study, we demonstrated that the feeding of a high-fat,
high-sucrose (HFS) diet to mice during pregnancy increases body
mass gain and induces metabolic disorders in the offspring after
weaning, especially in female mice, while the oral administration of
GluOC to the mothers during gestation reduces obesity and metabolic
disorders in their offsprings [14]. We hypothesize that an in utero-
inherited epigenetic mechanism might influence the phenotypes of the
offspring. Therefore, in the present study, we aimed to identify the
mechanisms underpinning the phenotype of the offspring by comparing
the hepatic DNA methylation status of the offspring of mice fed a normal
diet (ND) or an HFS, referred to as ND-offspring and HFS-offspring,
respectively. In addition, we aimed to determine how GluOC adminis-
tration rescues the metabolism of HFS-offspring. We conclude that Pygl
expression is epigenetically suppressed through DNA hypermethylation
of the transcriptional promoter region of the gene in utero. We also show
that maternal GluOC administration prevents this aberrant glycogen
metabolism in the offspring by reducing the methylation of the promoter
region of Pygl and inducing endogenous hepatic GluOC synthesis, which
upregulates Pygl expression and activity.

2. MATERIALS AND METHODS

2.1. Animal experiments
The study protocol was approved by the Animal Care and Use Com-
mittee of Fukuoka University (permission nos. 1703029, 1815121, and
1906021). The experimental protocol is shown in Figure 1A.

2.2. Cells
Mouse hepatoma Hepa1c1c7 cells [15], obtained from the ECACC
(Salisbury, UK), were maintained in alpha minimum essential medium
without nucleosides (Fujifilm Wako, Osaka, Japan) that contained 10%
fetal bovine serum (Biowest, Nuaillè, France) and 1% penicillin and
streptomycin (Nacalai Tesque, Kyoto, Japan) under a humidified at-
mosphere of 5% CO2 at 37 �C.

2.3. Illumina hiseq sequencing and data analysis
Whole-genome bisulfite sequencing and data analysis were performed
by Cell Innovator Inc. (Fukuoka, Japan). Mouse genomic DNA was pu-
rified using NucleoSpin Tissue (Takara Bio, Shiga, Japan) and treated
with bisulfite using an EZ DNA Methylation-Gold Kit (Zymo Research,
Irvine, CA). Bisulfite sequencing libraries were then prepared using a
TruSeq DNA Methylation Kit (Illumina, San Diego, CA), according to the
manufacturer’s instructions. Cluster amplification and 151 bp paired-end
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sequencing were performed, following the manufacturer’s protocol
(Illumina) for HiSeqX (Illumina). After sequencing, the raw sequence
reads were filtered on the basis of quality using FastQC (http://
bioinformatics.babraham.ac.uk/projects/fastqc/). The adapter se-
quences were also trimmed off the raw sequence reads using trimmo-
matic v0.32 [16]. The trimmed reads were mapped to the reference
genome using whole genome Bisulfite Sequence Mapping Program
(BSMAP) [17] which is based on the Short Oligo Alignment Program [18].
Themethylation ratio of every single cytosine location was extracted from
the mapping results using the ‘methylatio.py’ script in BSMAP.
To identify the significantly over-represented GO categories and
significantly enriched pathways, we used tools and data provided by
the Database for Annotation, Visualization and Integrated Discovery
(DAVID) (https://david.ncifcrf.gov).

2.4. Validation of bisulfite sequencing
Mouse genomic DNA, purified using NucleoSpin Tissue (Takara Bio,
Japan), was treated with bisulfite using a MethylEasy Xceed Rapid DNA
Bisulphite Modification Kit (Takara Bio) and purified, according to the
manufacturer’s instructions. The bisulfite-treated sequences of the
promoter region of each gene were amplified by TaKaRa EpiTaq HS
(Takara Bio) using sense- and antisense-specific primer sets
(Supplementary Table 1), under the following PCR conditions: 40 cy-
cles of 10 s at 98 �C, 30 s at 52 �C (for Pygl) or 56 �C (for Ocn), and
30 s at 72 �C. The amplified fragments were ligated into pT7Blue T-
vector (Merck Millipore, Burlington, MA), and more than eight clones
were sequenced per reaction (Unitech, Chiba, Japan).

2.5. Histological analysis
Tissue samples were embedded in paraffin and stained using hema-
toxylin and eosin (HE) used for immunohistochemistry (performed by
Morphotechnology Co. Ltd., Sapporo, Japan) using primary antibodies
against Pygl (diluted 1:75, Cat# Ab198268, Abcam, Cambridge, UK) or
osteocalcin (diluted 1:1,000, Cat# Ab198268, Abcam), for 1 h at room
temperature, according to the polymer method. Periodic acid-Schiff
(PAS) staining, along with amylase digestion, was performed as pre-
viously described [19].

2.6. Determination of hepatic glycogen and free glucose contents
The glycogen content of the liver was measured using a Glycogen
Colorimetric Assay Kit II (BioVision, Milpitas, CA), according to the
manufacturer’s instructions [20]. Briefly, freshly isolated mouse liver
samples were homogenized in distilled water and incubated for 10 min
on ice, then boiled for 10 min at 95 �C. The samples were then centri-
fuged at 20,000�g for 10 min and the supernatants were collected and
analyzed. Hydrolysis enzyme mix (2 ml) was added to an aliquot of each
standard/sample (50 ml/well) in a 96-well plate and the mixtures were
incubated for 30 min at room temperature. After adding the reaction mix
to each well, the samples were incubated for a further 30 min at room
temperature. Finally, the amount of glycogen in each sample was
determined at 450 nm using an iMark plate reader (Bio-Rad, Hercules,
CA) and dilutions of a standard glycogen preparation. Free glucose
content was measured using a D-glucose assay kit (Megazyme, Chicago,
IL), according to the manufacturer’s instructions [20]. The glycogen and
free glucose contents were normalized to the protein concentrations of
the samples, measured using a BCA Protein assay kit (Fujifilm Wako).

2.7. Measurement of blood glucose concentration
Blood samples were obtained by tail-tip amputation and their glucose
concentrations were measured using a FreeStyle Freedom meter
(Abbott Laboratories, Abbott Park, IL).
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1: Experimental protocol and whole-genome bisulfite sequence (WGBS) analysis. (A) Experimental protocol. Female 8-week-old C57Bl/6N mice were mated with
age-matched males and allocated randomly to three groups: a normal diet (ND) group or a high-fat, high-sucrose diet (HFS, F2HFHSD, Oriental Yeast, Tokyo, Japan; containing
20% sucrose and 30% fat) group, which was administered either saline (control) or GluOC (10 ng/g body mass) from the day of mating to that of delivery, and the dams were fed
ND after the delivery. The offspring groups were designated as ND-, HFS-saline-, and HFS-GluOC-offspring, according to the diet and GluOC administration status of their dams
determined during pregnancy. Tissues and blood were collected without fasting. (B) Quantitative RT-PCR analysis of 38 metabolic genes that had significantly differently methylated
promoters in HFS-offspring, according to WGBS analysis. Of these, nine genes (red-colored) displayed lower mRNA expression and hypermethylation of their promoters: Apob
(apolipoprotein B), Atg9a (autophagy-related 9A), Col13a1 (collagen type 13 alpha 1 chain), Hif3a (hypoxia-inducible factor 3 alpha subunit), Hist1h3c (histone cluster 1H3 family
member C), Magi1 (membrane-associated guanylate kinase, WW and PDZ domain-containing 1), Plg (plasminogen), Ppp1cc (protein phosphatase 1 catalytic subunit gamma), and
Pygl (glycogen phosphorylase L). In addition, there were three genes for which the promoter methylation in the HFS-fed samples was lower (blue-colored): Itgb6 (integrin beta 6),
Plagl1 (pleomorphic adenoma gene-like 1), and Slc27a1 (solute carrier family 27, member 1). (C) Quantitative RT-PCR analysis of the above nine genes in the livers of the offspring
from the three groups. RNA (n ¼ 12 per group) was extracted from the P24 mouse liver and the expression of Actb was determined as the reference gene. Data are expressed as
mean � SEM of three independent experiments. Student’s t-test (A) or one-way ANOVA and Dunnett’s post-hoc test (C) were used. *P < 0.05, **P < 0.01, ***P < 0.001; n.s.,
not significant.
2.8. ELISA for OC
Levels of GlaOC or GluOC were measured using Mouse Gla- or Glu-
OC High-sensitivity EIA kits (Takara Bio, MK127 or 129),
respectively).

2.9. Measurement of serum and hepatic triglyceride
concentrations
Serum and hepatic triglyceride concentrations were measured using a
Fuji Dri-Chem analyzer (Fujifilm, Tokyo, Japan) and Fuji Dri-Chem
slides (TG-P III, Fujifilm). Serum samples were directly applied to the
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slides. For hepatic triglyceride measurements, fresh liver samples
were weighed, rapidly homogenized in 700 ml of chloroform/methanol
mixture (2:1, v/v), and incubated for 2 h at room temperature. After
centrifugation at 15,000 rpm for 5 min at 4 �C, the supernatants were
transferred to new 1.5-ml tubes. Following air-drying overnight, the
lipids were dissolved in 90 ml isopropanol, then centrifuged at
15,000 rpm for 5 min at 4 �C. The supernatants were collected, their
volumes measured, and they were stored at �20 �C until analyzed
further. The samples were diluted 20 times in PBS immediately before
application to a slide.
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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2.10. Measurement of the Pygl activity
The enzymatic activity of Pygl was measured using a Glycogen
Phosphorylase Colorimetric Assay Kit (BioVision, Milpitas, CA), ac-
cording to the manufacturer’s protocol. Briefly, fresh liver samples
were rapidly homogenized in 200 ml ice-cold Assay buffer and incu-
bated for 15 min on ice. After centrifugation at 15,000 rpm for 15 min
at 4 �C, the supernatants were collected and stored at �20 �C until
analyzed. Each standard or sample (50 ml) was placed in a 96-well
plate, and then 50 ml Reaction mix containing Assay buffer,
glycogen, Enzyme mix, Developer, and Substrate Mix was added,
followed by incubation for 1 h at 30 �C. Finally, absorbance was
measured at 450 nm using an iMark plate reader (Bio-Rad). Standard
curves for determining the quantities of G1P were prepared by diluting
the G1P standard. Pygl activity was normalized to the protein con-
centrations of the samples, measured using a BCA Protein assay kit
(Fujifilm Wako).

2.11. Quantitative PCR analysis
RNA was extracted from tissues using Sepasol-RNA I Super G (Nacalai
Tesque) and a High Pure RNA Isolation Kit (Roche Diagnostics, Man-
nheim, Germany). The RNA was reverse transcribed using a Verso
cDNA Synthesis Kit (Thermo Fisher Scientific), and the resulting
complementary DNA (cDNA) was subjected to two-step qPCR analysis
using a LightCycler 480 system (Roche Diagnostics). For the TaqMan
method, the cycling conditions were as follows: 95 �C for 10 min (hot-
start quantitative polymerase chain reaction-qPCR), followed by 45
cycles of 95 �C for 15 s, 60 �C for 30 s, and 72 �C for 1 s. The PCR
primer sequence probes specific for each sequence (Roche Di-
agnostics), and amplicon sizes are listed in Supplementary Table 2. For
the SYBR Green method, the cycling conditions were as follows: 95 �C
for 10 min (hot-start PCR), followed by 40 cycles of 95 �C for 5 s and
58 �C for 30 s. The PCR primer sequences and amplicon sizes are
listed in Supplementary Table 3.

2.12. Immunoblot analysis
Cells or tissues were lysed and homogenized in Radio-
immunoprecipitation (RIPA) buffer (Fujifilm Wako Pure Chemical)
containing a protease inhibitor cocktail (Nakalai Tesque). After
centrifugation, the supernatants were collected and the protein con-
centrations of the samples determined using a BCA Protein assay kit
(Fujifilm Wako Pure Chemical). Each sample (25 mg/tube) was sup-
plemented with SDS-PAGE sample buffer containing 2-
mercaptoethanol (Nakalai Tesque), incubated at 95 �C for 5 min,
and then separated by glycine-based 5e20% or tricine-based 15e
20% gradient SuperSep precast gels (Fujifilm Wako). The separated
proteins were transferred onto Immobilon PVDF membranes (Merck
Millipore) and non-specific protein binding was blocked using Blocking
One (Nakalai Tesque) for 1 h at room temperature. The following
primary antibodies were used: anti-Pygl (diluted 1:3,000, Cat#
Ab198268, Abcam), anti-osteocalcin (diluted 1:2,000, Cat# Ab198268,
Abcam), anti-Ahr (diluted 1:5,000, Cat# BML-SA550, Enzo Biochem,
Farmingdale, NY), anti-Gprc6a (diluted 1:1,000, Cat# sc-67302, Santa
Cruz Biotechnology, Dallas, TX), anti-Creb3l3 (diluted 1:2,000, Cat#
sc-377331, Santa Cruz Biotechnology), anti-Atf4 (diluted 1:2,000, Cat#
10835, Proteintech, Rosemont, IL), and anti-b-actin (diluted 1:40,000,
Cat# M177-3, MBL, Nagoya, Japan). After incubation with the primary
antibody at 4 �C overnight, the membranes were washed with Tris-
buffered saline containing 0.1% Tween-20 (Fujifilm Wako Chemicals
Corporation) and incubated with the appropriate secondary antibodies
coupled to HRP: anti-rabbit (diluted 1:5,000, Cell Signaling Technology,
Danvers, MA) for Pygl, osteocalcin, and Ahr; and anti-mouse (diluted
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1:40,000, Cell Signaling Technology) for b-actin for 6 h at 4 �C. After
washing, the membranes were analyzed using the ImageQuant
LAS4000 system (GE Healthcare, Chicago, IL) after incubation with
Amersham ECL reagent (Cytiva, Tokyo, Japan).

2.13. Small interfering RNA (siRNA) transfection
Duplexed siRNA sets for Ahr, Gprc6a, Creb3l3, and Atf4 were pur-
chased from Bioneer (Daejeon, South Korea) and/or SigmaeAldrich
(St. Louis, MO): 11622-2-B and SASI_Mm01_00168275 for Ahr,
SASI_Mm01_00129328 and SASI_Mm01_00129329 for Gprc6a,
SASI_Mm02_00340645 and SASI_Mm01_00124399 for Creb3l3, and
SASI_Mm02_00316863 and SASI_Mm02_00316864 for Atf4. Control
siRNA was purchased from SigmaeAldrich (Cat# SIC-001). mRNA or
protein expression was measured in Hepa1c1c7 cell lysates 24e48 h
after siRNA transfection with Lipofectamine RNAiMAX (Thermo Fisher
Scientific).

2.14. Luciferase assay
To construct the Pygl gene promoter-driven reporter plasmid
(pGL4.10-Pygl-wt), the 5ʹ-flanking region from �932 nt to �20 nt of
the mouse Pygl gene was amplified from mouse cDNA by PCR. The
PCR products were digested using KpnI and BglII and cloned into the
same sites of the pGL4.10 vector (Promega, Madison, WI). Site-
specific mutations were introduced into the promoter construct us-
ing an In-Fusion HD Cloning Kit (Takara Bio), Max Efficiency DH10B
Competent cells (Thermo Fisher Scientific), the Wizard SV Gel, and PCR
Clean-Up System (Promega), and Tks Gflex DNA Polymerase (Takara
Bio, Japan). The identity of the cloned plasmid was verified by
sequence analysis (Kazusa Genome Technologies, Chiba, Japan). The
luciferase assays were performed using the Dual-Glo Luciferase Assay
System (Promega). Briefly, 1.5 � 104 cells were seeded in clear-
bottomed, white 96-well plates (Greiner Bio-One, Frickenhausen,
Germany) and incubated under a humidified atmosphere of 5% CO2 at
37 �C overnight. One hundred twenty-five nanograms pGL4.10
plasmid (Pygl-wild, XRE1mut, XRE2mut, or XRE1/2dmut) and 65 ng
pRL plasmid (Promega) were transiently co-transfected into Hep-
a1c1c7 cells using Lipofectamine 3000 reagent (Thermo Fisher Sci-
entific). After 24 h, the volume of the medium was adjusted to 75 ml in
each well and Dual-Glo reagent (75 ml) was added. The cells were
gently agitated for �20 min to ensure lysis. The luminescence of each
well was measured in a luminescence-equipped plate reader (ALVO
X3, PerkinElmer, Waltham, MA). Next, 75 ml per well Stop-Glo reagent
was added to each well to quench the luciferase reaction and begin the
Renilla luminescence, then the luminescence of each well was
measured again. The data are shown as the first luminescence value
(luciferase) divided by the second value (Renilla).

2.15. ChIP-qPCR assay
ChIP assays were performed using formalin-fixed, paraffin-embedded
(FFPE) samples, a ChIP-IT FFPE Chromatin Preparation Kit (Active
Motif, Carlsbad, CA), and a ChIP-IT FFPE II Kit (Active Motif). Briefly, for
chromatin preparation, six 15-mm sections from each FFPE tissue
block were used as the starting materials. After paraffin removal, the
tissue was rehydrated and then incubated in Lysis Buffer containing a
protease inhibitor cocktail and RNaseA, followed by digestion with
Enzymatic Shearing Cocktail. After centrifugation, all the remaining
sample was pooled into a single tube for sonication (Bioruptor; Dia-
genode, Seraing, Belgium). After the final centrifugation, the soluble
and insoluble chromatin was analyzed and quantified by qPCR using an
Actb primer set (Supplementary Table 4), to confirm whether most of
the chromatin had been extracted. qPCR analysis was performed using
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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LightCycler480 SYBR Green I Master (Roche Diagnostics) and the
following cycling conditions: 95 �C for 5 min, followed by 40 cycles of
95 �C for 10 s, 58 �C for 30 s, and 72 �C for 30 s. For the next step
using a ChIP-IT FFPE II Kit, chromatin (200 ng/reaction) was pre-
cleaned, then incubated with an antibody against the appropriate
DNA-binding protein. The antibody-bound protein/DNA complexes
were immunoprecipitated using Protein G agarose beads and washed
by gravity filtration. Following immunoprecipitation, cross-linking was
inhibited, the proteins were removed by Protease K digestion, and the
DNA was purified. ChIP-enriched DNA samples were used for qPCR
alongside primer sets for Pygl (Supplementary Table S4). The anti-
bodies used in the ChIP assay were anti-TET1 (diluted 1:100, GeneTex,
Irvine CA), anti-TET2 (diluted 1:100, Proteintech), anti-TET3 (diluted
1:100, GeneTex), anti-DNMT3A (diluted 1:100, Cell Signaling Tech-
nology), and anti-DNMT3B (diluted 1:100, Cell Signaling Technology).

2.16. Intracellular cAMP quantification
The intracellular cAMP concentration was measured using a Direct
cAMP ELISA kit (Enzo Life Sciences), according to the manufacturer’s
instructions. Hepa1c1c7 cells were seeded in 6-well plates (1.5� 105

cells/well) and incubated under a humidified atmosphere of 5% CO2 at
37 �C for 48 h. After treatment with 0e50 ng/ml GluOC or 50 mM
forskolin (Merck Millipore) for 15 min, the cells were lysed using 0.1 M
HCl to stop endogenous phosphodiesterase activity and to stabilize the
released cAMP protein. The HCl-treated samples were then collected,
acetylated to increase sensitivity, and neutralized using the dedicated
reagents in the kit. They were then placed into the supplied pre-coated
ELISA plate, reacted, and absorbance was measured at 405 nm.

2.17. Statistical analysis
Student’s t-test or ANOVA followed by Dunnett’s test were performed
as appropriate, using JMP software (ver14; Cary, NC, USA). All
quantitative data are summarized as mean � standard error of the
mean. P < 0.05 was considered to represent statistical significance.

3. RESULTS

3.1. Comprehensive whole-genome bisulfite sequencing (WGBS) of
the livers of ND- and HFS-offspring on postnatal day 24
Experiments were performed according to the protocol shown in
Figure 1A, using female mice because the beneficial effects of GluOC
administration during pregnancy on the metabolism of mature
offspring were most pronounced in the female mice [14]. Because of
the similarity of the metabolic profiles of the mature female offspring of
dams fed a normal diet (ND), and to determine whether their mothers
were administered GluOC or not [14], we studied ND-saline-offspring
(as ND-offspring) alone in the present study. To determine the effect of
feeding an HFS diet to pregnant mice on the DNA methylation status of
the offspring, WGBS was performed on the livers of female ND- and
HFS-offspring collected at weaning, on a postnatal day (P) 24, when
the nutritional status of the offspring would be dependent on their
dams. The WGBS revealed that methylation coverage in the CG, CHC,
and CHH sequence contexts were 69.81% and 68.42%, 0.76% and
0.73%, and 0.52% and 0.52% for ND- and HFS-offspring, respectively;
this showed consistency with the results of a previous study which
showed that methylation predominantly occurs on CpG dinucleotides in
mammals [21]. The data sets generated by this analysis were sub-
mitted to the Gene Expression Omnibus (GEO) database (http://ww.
ncbi.nlm.nih.gov/geo/; accession no. GSE181760). After the data
were analyzed to determine the methylation status of 35,595,501 CpG
dinucleotides and the overall distribution, the nucleotides with
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methylation levels in the HFS-offspring that were>2-fold or<0.5-fold
those of the ND-offspring were identified. Of these, we focused on the
CpG methylation status of gene promoter regions (5,479 CpG di-
nucleotides in 933 promoters), because the DNA methylation status of
gene promoters is widely recognized to influence transcription [21].
Furthermore, we performed Gene Ontology (GO) (Supplementary
Table 5) and Kyoto encyclopedia of genes and genomes (KEGG)
enrichment analysis (Supplementary Table 6) using the online Data-
base for Annotation, Visualization and Integrated Discovery (DAVID)
[22]. We next focused on 38 candidate genes (Figure 1B) that had GO
terms related to glucose or lipid metabolic processes, and measured
the expression of these 38 mRNAs by quantitative (q)RT-PCR, and
found that the expression of nine target genes was significantly lower
in the livers of HFS-offspring than in those of ND-offspring and that
these expression levels were positively associated with promoter
methylation status (hypermethylation in the HFS-offspring). These
genes were apolipoprotein B (Apob), autophagy-related 9A (Atg9a),
collagen type 13 alpha 1 chain (Col13a1), hypoxia-inducible factor 3
alpha subunit (Hif3a), histone cluster 1 H3 family member C (Hist1h3c),
membrane-associated guanylate kinase, WW and PDZ domain-
containing 1 (Magi1), plasminogen (Plg), protein phosphatase 1 cat-
alytic subunit gamma (Ppp1cc), and glycogen phosphorylase L (Pygl).
In addition, the expression of three genes was inversely associated
with promoter methylation status and was determined according to the
WGBS analysis. These genes were integrin beta 6 (Itgb6), pleomorphic
adenoma gene-like 1 (Plagl1), and solute carrier family 27, member 1
(Slc27a1) (Figure 1B).
Our previous study demonstrated that the metabolic disorders in the
mature offspring of HFS-fed dams were largely prevented by the
administration of GluOC during pregnancy, such that the metabolism of
these offspring was comparable to that of ND-offspring consuming the
same diet [14]. Therefore, we hypothesized that one or more of the
nine genes for which the DNA methylation is affected by maternal
nutrition while in utero might influence metabolism and that their
expression might be restored in GluOC-treated HFS-offspring. There-
fore, another qRT-PCR analysis was performed to compare the three
groups of mice: the ND-offspring, HFS-saline-offspring, and HFS-
GluOC-offspring. Of the nine genes, only low Pygl expression in the
HFS-offspring was restored (by GluOC administration during preg-
nancy) to a level higher than that of the ND-offspring (Figure 1C).

3.2. Pygl expression in mouse liver is regulated by the methylation
status of xenobiotic response elements (XREs) in its promoter region
To validate the results of the WGBS, the hepatic Pygl promoter
methylation status of the three groups was evaluated using bisulfite
genomic sequencing (Figure 2A), focusing on the three XREs located in
the Pygl promoter region (Supplementary Figure S1), where the
methylated cytosines were concentrated in the HFS-saline-offspring,
according to the results of the WGBS analysis. The proportions of
the elements that were composed entirely of unmethylated cytosines
were 63% and 25% (ND-offspring), 13% and 13% (HFS-saline-
offspring), and 63% and 63% (HFS-GluOC-offspring) in the two CpGs in
XRE-1; and 25% (ND-offspring), 13% (HFS-saline-offspring), and 63%
(HFS-GluOC-offspring) for the CpG in XRE-2, which indicates that there
was a lower ratio of unmethylated cytosines in the HFS-saline-
offspring than in the ND-offspring, whereas there was a higher ratio
in the HFS-GluOC-offspring. No methylated cytosines were found in
XRE-3 in any of the groups.
We next measured the hepatic mRNA expression of epigenetic modi-
fiers, such as the de novo DNA methyltransferases Dnmt3a and
Dnmt3b, which catalyze the methylation reaction (the transfer of a
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5

http://ww.ncbi.nlm.nih.gov/geo/
http://ww.ncbi.nlm.nih.gov/geo/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Figure 2: CpG methylation status in xenobiotic responsive elements (XREs) of the Pygl promoter is related to Pygl expression. (A) The methylation status of individual CpG
sites in the Pygl upstream region in the P24 mouse liver was analyzed by bisulfite sequencing, focusing on Region I, which includes XRE-1 and XRE-2, and Region II, which
includes XRE-3 (Supplementary Figure S2). The primers for the bisulfite sequencing assays are shown in the Supplementary Table 2. Circles indicate the positions of CpGs, and
methylation status is depicted by open (unmethylated cytosine) and closed (methylated cytosine) circles for each CpG site. (B) Chromatin immunoprecipitation (ChIP) assays using
chromatin purified from P24 liver and the indicated antibodies, followed by qPCR analysis for Pygl. The primers used for ChIP-qPCR are shown in Supplementary Table 3. Data are
expressed as mean � SEM of three independent experiments. Statistical analysis was performed using one-way ANOVA and Dunnett’s post-hoc test. **P < 0.01, ***P < 0.001.
(C,D) Dual luciferase reporter assays using Pygl gene promoter constructs in mouse Hepa1c1c7 cells. (C) Schematic diagram showing the structure of the luciferase reporter
pGL4.10. Mutant sequences are depicted in bold. (D) Reporter assay 24 h after transfection of each construct in the presence or absence of 5 mM 3-methylcholanthrene (MC),
12.5 ng/ml GluOC, and 50 mM forskolin. The dual-luciferase activity of three independent biological replicates was recorded for each assay. The Renilla luciferase activity of the pRL
vector was used as the internal control. Fluc, firefly luciferase; Rluc, Renilla luciferase. Data are expressed as mean � SEM. Statistical analysis was performed using one-way
ANOVA and Dunnett’s post-hoc test. **P < 0.01. yP < 0.05 and yyP < 0.01 vs. the 5 mM 3-MC-treated Pygl-wt transfectant.

Original Article
methyl group to cytosine) [23e25], and the ten-eleven translocation
(TET) methylcytosine dioxygenases, namely Tet1, Tet2, and Tet3,
which catalyze the removal of methyl groups [26] in each of the
groups. We found that the expression of Dnmt3a was lowest and that
of Tet1 was highest in the HFS-GluOC-offspring liver (Supplementary
Figure S2). We then performed chromatin immunoprecipitation
(ChIP)-qPCR assays of the expression of these epigenetic modifiers,
because the expression levels of the mRNAs do not necessarily reflect
the degree of binding of the encoded proteins to specific DNA loci [25].
Dnmt3a was found to be more highly bound to the Pygl promoter
region, including XRE-1 and XRE-2, in the HFS-saline-offspring than in
the ND-offspring, whereas the binding activity of Tet1 showed no
difference between these groups. However, Tet1 was more highly
bound to the hepatic Pygl promoter in HFS-GluOC-offspring than in the
other two groups (Figure 2B). Considering that Dnmt3a and Tet1 act in
complementary but competitive fashions in mice to mediate appro-
priate epigenetic and genetic regulation [27], the results of the ChIP-
qPCR analysis were consistent with the frequency of CpG methyl-
ation at the XRE-1 and XRE-2 sites and the consequent mRNA
expression of Pygl (Figures 1C and 2A).
We also performed dual-luciferase reporter assays using Pygl pro-
moter constructs containing either wild-type (wt) or mutant (XRE-1
mutant, XRE-2 mutant, or XRE1/2 double mutant) expression vectors to
determine whether these consensus sequences are involved in the
regulation of Pygl transcription. Mouse hepatoma Hepa1c1c7 cells
were transiently transfected with each luciferase reporter gene
6 MOLECULAR METABOLISM 54 (2021) 101360 � 2021 The Authors. Published by Elsevier GmbH. T
construct and incubated overnight with 5 mM 3-methylcholanthrene
(3-MC), an Ahr agonist, to activate the Ahr-XRE axis [28], then lucif-
erase activity was measured. When AhR forms a complex with ligands
such as 3-MC, it translocates to the nucleus, where it heterodimerizes
with aryl hydrocarbon nuclear translocator (Arnt), binds to XRE ele-
ments, and activates AhR-responsive genes [28]. The reporter assay
showed that 3-MC induces Pygl promoter activity and that mutations in
XRE-1 and XRE-2 partially inhibit this effect. Mutations in both XRE-1
and XRE-2 further reduced the promoter activity but could not
completely prevent XRE-wt activity (Figure 2C and D). These findings
imply that 3-MC stimulates Pygl promoter activity by activating the
XRE-1 and XRE-2 sites. The transcriptional activity induced by 3-MC
was not completely suppressed by any of the mutant constructs
(Figure 2C and D), probably because of the existence of XRE-3 or
another transcription factor. In contrast, the promoter was not acti-
vated by GluOC or forskolin, which has been reported to induce
circadian Pygl expression [19] (Figure 2D).

3.3. Pygl expression in mouse liver is induced in an AhR-XRE-
dependent manner
We next determined the effects of 3-MC at various concentrations on
Pygl gene expression in Hepa1c1c7 cells, which are generally used for
the analysis of the AhR function [29]. The mRNA expression of Cyp1a1
[30] and Cyp1a2 [31], well-known AhR-responsive genes, was
significantly upregulated by 24 h of treatment with 3-MC in a dose-
dependent manner (Figure 3A). Pygl mRNA expression was similarly
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 3: AHR is associated with Pygl expression in Hepa1c1c7 cells. (A) Quantitative RT-PCR analysis of Cyp1a1, Cyp1a2, and Pygl in Hepa1c1c7 cells treated with 3-MC
(0e5.0 mM) for 24 h. Actb was used as the reference gene. (B) Left, immunoblot analysis of Pygl and AHR in Hepa1c1c7 cells treated with 3-MC (0e5.0 mM) for 24 h. Right,
quantification of the blot (ratio of Pygl or Ahr expression to b-actin). (n ¼ 3, pooled). Data are expressed as mean � SEM of three independent experiments. Immunoblot shown is
the typical one. Statistical analysis was performed using one-way ANOVA and Dunnett’s post-hoc test. *P < 0.05, ***P < 0.001. (C,D) mRNA (C) and protein (D) expression of
Pygl and Ahr in Hepa1c1c7 cells transfected with either Ahr siRNA or control siRNA for 24 h, in the presence or absence of 5 mM 3-MC. The quantification of the immunoblots (ratio
of Pygl or AHR to b-actin) is shown to the right of the immunoblot panels (n ¼ 3, pooled). Data are expressed as mean � SEM of three independent experiments. Statistical
analysis was performed using one-way ANOVA and Dunnett’s post-hoc test. *P < 0.05, **P < 0.01, ***P < 0.001 vs. 3-MC(�) control si; yyyP < 0.001 vs. 3-MC(þ) control si.
increased by 2.5 and 5.0-mM concentrations of 3-MC, but to a rela-
tively less extent than Cyp1a1 and Cyp1a2 expression. Immunoblot
analysis also showed that Pygl protein expression was increased by
the same concentrations of 3-MC (Figure 3B). Previous studies have
shown that aryl hydrocarbon receptor (Ahr) protein is rapidly degraded
when it binds ligands, such as 3-MC, via the ubiquitin-proteasome
pathway [32e34]. The present results, showing that Ahr protein
expression is dose-dependently reduced by 3-MC, are consistent with
the previous findings (Figure 3B). The same experiments were then
performed in the presence of lactacystin, an inhibitor of the ubiquitin-
proteasome system. This inhibited Ahr degradation and caused a slight
upregulation of Pygl expression (results not shown), consistent with its
previously identified effects on the expression of Cyp1a1 and Cyp1b1
in mouse Hepa-1, and human RPE and MCF-7 cells [35,36]. To confirm
the involvement of Ahr in the 3-MC-induced expression of Pygl via XRE,
we determined the effects of siRNA-mediated knockdown of Ahr on
Pygl expression. We first checked that Ahr expression was sufficiently
reduced by the transfection of two types of siRNA targeting Ahr at both
the mRNA and protein levels in the presence or absence of 3-MC
(Figure 3C and D). The expression of Ahr protein in cells transfected
with control siRNA after stimulation with 3-MC was lower, because of
proteasomal degradation (Figure 3D). 3-MC increased Pygl expression
at both the mRNA and protein levels (Figure 3C and D), but these in-
creases did not occur in cells transfected with siRNA targeting Ahr
(Figure 3C and D).
Notably, Ahr knockdown significantly reduced the constitutive
expression of Pygl, in the absence of any stimulation (Figure 3C and D),
indicating that an Ahr-dependent mechanism is involved in the
physiological constitutive expression of Pygl in mouse hepatocytes.
However, little is known regarding the physiological roles of endoge-
nous Ahr ligand [37e39].
We next determined whether choline bitartrate (CB) or tert-
butylhydroquinone (TBHQ), chemical substances present in the HFS
MOLECULAR METABOLISM 54 (2021) 101360 � 2021 The Authors. Published by Elsevier GmbH. This is an open a
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diet, are Ahr ligands because the known exogenous Ahr ligands that
act on XRE regions are chemical compounds such as polycyclic aro-
matic hydrocarbons, polyhalogenated hydrocarbons, and di-
benzofurans [40]. However, neither of these compounds induced the
expression of Cyp1a1, Cyp1a2, or Pygl, except an induction of Cyp1a2
by TBHQ (Supplementary Figure S3), which implies that these dietary
compounds are not Ahr activators. Overall, these results indicate that
the lower Pygl expression in the livers of HFS-saline-offspring
(Figure 1B and C) can be attributed to methylation of the XRE-1 and
-2 regions of the Pygl promoter (Figure 2AeD) and that this might be a
cause of the previously observed aberrant metabolism in mature HFS-
saline-offspring [14].

3.4. GluOC administration during pregnancy affects OC expression
and subsequent Pygl expression in the offspring
Next, we determined whether the Pygl expression shown in Figure 1C,
measured using qRT-PCR, was reflected in protein expression,
determined using immunohistochemical analysis. Immunostaining for
Pygl appeared to be lower in the livers of HFS-saline-offspring than in
those of the ND-offspring (Figure 4A), but more intense staining was
evident in HFS-GluOC-offspring liver than in ND-offspring liver
(Figure 4A). This finding was confirmed using immunoblot analysis
(Figure 4B).
Previous studies showed the expression of OC mRNA in various organs
and tissues, including the liver, in addition to bone [5], and that
maternal OC could cross the placenta [41]. Therefore, we performed
immunohistochemical analysis to characterize OC expression in the
livers of offspring at P24. We found OC protein expression in the liver,
which was more abundant in the livers of HFS-GluOC-offspring than in
the livers of mice in the other two groups (Figure 4A), despite the dams
not having been administered GluOC for the preceding 24 days, during
lactation. Immunoblotting of liver extracts also confirmed that OC
protein was expressed at much higher levels in the livers of HFS-
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 7
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Figure 4: OC expression is high in the livers of P24 offspring of HFS-GluOC dams. (A) Hematoxylin and eosin staining and immunohistochemistry for Pygl and OC in P24
mouse livers from the ND-, HFS-saline-, and HFS-GluOC-offspring groups under non-fasting conditions. Scale bars are 250 mm. Typical staining is shown from more than 10
specimens. (B) Left, immunoblot analysis of Pygl and OC. Right, quantification of the blots (ratio of Pygl or OC to b-actin). (n ¼ 4, pooled). (C) Quantitative RT-qPCR analysis of
Bglap in P24 mouse livers from each group (n ¼ 3). Actb was used as the reference gene. Data are expressed as mean � SEM of 3e4 independent experiments. Statistical
analysis was performed using one-way ANOVA and Dunnett’s post-hoc test. *P < 0.05, **P < 0.01, and ***P < 0.001.
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GluOC-offspring than in those of the other two groups (Figure 4B), and
qRT-PCR analysis showed similar patterns of OC expression among the
three groups as the immunohistochemical and immunoblotting mea-
surements (Figure 4C). The OC protein found in the mouse liver was
predominantly 11 kDa in size, probably representing a pre-pro form of
8 MOLECULAR METABOLISM 54 (2021) 101360 � 2021 The Authors. Published by Elsevier GmbH. T
OC (Figure 4B) [42]. Next, to determine whether the expression of OC in
the liver is regulated by DNA methylation, we analyzed the methylation
status of the Bglap (an OC family gene) promoter in the liver of P24
offspring using bisulfite genomic sequencing in the three groups, as for
Pygl (Figure 2A). Consistent patterns of methylation were not found
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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among the three groups; more unmethylated CpGs were found in the
HFS-offspring than in the ND-offspring in Region I, whereas fewer
unmethylated CpGs were reported only in the HFS-GluOC-offspring in
Region II, which implies that OC expression is not regulated by DNA
methylation in the gene promoter region (Supplementary Figure S4A
and B).
The significant expression of Pygl in HFS-GluOC-offspring than in the
other two groups may be explained by less methylation of the Pygl
promoter; the higher expression of OC suggests a relationship between
OC and Pygl expression. Therefore, we next determined the effects of
GluOC treatment in Hepa1c1c7 cells and found dose-dependent in-
creases in Pygl expression and that of OC itself at both the mRNA and
protein levels (Figure 5A and B). The OC produced in Hepa1c1c7 cells
was also predominantly of 11 kDa molecular mass, which likely rep-
resents a pre-pro-form of OC (Figure 5B) that may not be secreted.
Therefore, we stimulated Hepa1c1c7 cells with forskolin, which in-
duces cAMP accumulation and activates the OC promoter [43e45].
Forskolin caused an increase in OC in both its GlaOC and GluOC forms
of approximately 2-fold and 8-fold, respectively, and approximately
10% and 5% of the GlaOC and GluOC, respectively, were detected
outside the cells (Figure 5C), which implies that at least some of the OC
was secreted and could therefore have extracellular effects. The
molecular mass of the secreted OC was approximately 5 kDa, which
probably represents a mature form (Supplementary Figure S5). We
then determined the effect of knocking down the expression of
Figure 5: OC expression is related to Pygl expression in mouse Hepa1c1c7 cells. (A,
GluOC (0e50 ng/ml) for 24 h. Levels of Actb/b-actin were determined as internal controls.
actin). (C) ELISA assays of GlaOC and GluOC in Hepa1c1c7 cell extracts (left) and supernata
in 150 mm plates overnight, then incubated with 50 mM forskolin or DMSO for 24 h. The su
water, and then assayed for Gla- or GluOC by ELISA. (D) Top: knockdown of Gprc6A by siRN
or control siRNA for 24 h in the presence of GluOC (0e50 ng/ml); Bottom: Quantification of t
three independent experiments. The blot shown is the typical one. Statistical analysis was p
and ***P < 0.001.
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GPRC6A, a putative receptor for GluOC, on the OC-induced expression
of Pygl and OC itself. The siRNA-induced knockdown of GPRC6A
reduced the expression of both Pygl and OC (Figure 5D). Given that the
luciferase reporter assays revealed that neither 50 mM forskolin, nor
12.5 ng/ml GluOC, promotes the transcriptional activity of Pygl via
XREs (Figure 2D), these results suggest that the much higher Pygl
expression in the livers of HFS-GluOC-offspring at P24 might result
from feed-forward induction of OC synthesis, which might be induced
by exposure of the fetus to transplacentally-derived maternal GluOC, in
addition to the effects of DNA hypomethylation induced by GluOC
activation of XRE elements in the Pygl promoter. This feed-forward
mechanism appears to have long-term effects because the same
patterns of expression of Pygl and OC in the three groups of mice that
identified at P24 were found to be present in the livers of offspring at
P95, although the differences between the groups were significant at a
subsequent time point (Supplementary Figure S6A). The P95 liver
samples used for this analysis (Supplementary Figure S6A and B) were
those prepared in paraffin blocks during our previous study conducted
more than 6 years previously [14] when we were unaware of the
relationship between OC and Pygl and glycogen.
To explore the mechanisms whereby GluOC regulates Pygl and OC
expression in Hepa1c1c7 cells, we assessed the roles of cyclic
adenosine monophosphate (cAMP)-responsive element-binding pro-
tein H (CREBH) and activating transcription factor 4 (ATF4) using siRNA
technology. The administration of GluOC increased the expression of
B) mRNA (A) and protein (B) expression of Pygl and OC in Hepa1c1c7 cells treated with
(B) Left, immunoblot analysis. Right, quantification of the blot (ratio of Pygl or OC to b-
nts (right) after 50 mM forskolin treatment for 24 h. Cells (7.5 � 106) were pre-cultured
pernatants were lyophilized and dissolved in a small quantity of water, dialyzed against
A; Middle: expression of OC and Pygl in Hepa1c1c7 cells transfected with Gprc6a siRNA
he immunoblots (ratio of Pygl or AHR to b-actin). Data are expressed as mean � SEM of
erformed using one-way ANOVA and Dunnett’s post-hoc test. *P < 0.05, **P < 0.01,
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CREBH despite CREBH siRNA treatment, as shown in the top lane in
Supplementary Figure S7A, although the corresponding mRNA was
less abundant, as expected, which suggests that GluOC stimulates the
translation of CREBH. Pygl and OC were expressed in accordance with
the abundance of CREBH protein in cells treated with GluOC, but they
were expressed at similar levels in siRNA-treated cells that had not
been treated with GluOC (Supplementary Figure S7A). In contrast,
ATF4 expression was further reduced by GluOC application at both the
protein and mRNA levels, and Pygl and OC expression was consistent
with this (Supplementary Figure S7B). Conversely, the activation of
CREBH, indicated by the production of the cleaved form of CREBH in
response to endoplasmic reticulum stress-induced by tunicamycin
[46], increased the expression of Pygl and OC in a dose-dependent
manner (Supplementary Figure S7C). These data collectively imply
that GluOC activates GPRC6A, which is followed by the activation of
CREBH and ATF4, and consequent increases in the expression of Pygl
and OC itself.

3.5. The regulation of Pygl by maternal nutrition in mouse liver is
physiologically relevant
We next determined whether the effects of maternal diet on the hepatic
Pygl expression in mouse offspring and of GluOC administration are
physiologically relevant. The fresh liver was obtained from non-fasting
mice for the measurement of Pygl activity, and that of the HFS-saline-
offspring was reduced to about half of that of the ND-offspring,
whereas that of the HFS-GluOC-offspring was similar (Figure 6A). In
addition, the hepatic glycogen content inversely correlated with the
Pygl activity (Figure 6B), and periodic acid-Schiff (PAS) staining
showed obvious glycogen accumulation in the livers of HFS-saline-
offspring, compared with the other two groups, and this staining
disappeared after amylase treatment of the tissue sections (Figure 6G).
Moreover, the hepatic free glucose concentration also inversely
correlated with the amount of hepatic glycogen (Figure 6C), and the
HFS-saline offspring had the lowest non-fasting blood glucose con-
centrations (Figure 6D).
We also examined periodic acid-Schiff (PAS)-stained liver sections
from P95 offspring. Staining in the liver, indicative of glycogen accu-
mulation, was most evident in HFS-saline-offspring fed an ND after
weaning than in the other groups, and this disappeared after amylase
treatment, as for the staining of the P24 sections. However, it was
difficult to observe glycogen accumulation in HFS-fed offspring at P95
because of the large number of lipid droplets present (Supplementary
Figure S6B). We also confirmed our previous observation [14] that
there was a lower accumulation of lipid droplets in the liver of P95
offspring from HFS-GluOC dams than in those from HFS-saline dams.
We previously reported that the P95 offspring from HFS-saline dams
exhibited a metabolic disorder, characterized by higher body weight,
glucose intolerance assessed using intraperitoneal glucose tolerance
test (IPGTT), insulin resistance (assessed using ITT), ectopic lipid
accumulation in the liver, greater gonadal fat mass, enlarged adipo-
cytes, macrophage infiltration into fat forming crown-like structures
and higher expression of proinflammatory cytokines, such as IL-6,
TNFa, CD11c, MCP-1 and F4/80 in adipose, all of which were
ameliorated in the offspring of HFS-GluOC dams [14].
A recent study showed that sucrose feeding causes triglyceride (TG)
accumulation in the liver [47]; therefore, we also measured the hepatic
and serum concentrations of TG and found that TG was present at
significantly higher concentrations in the liver (Figure 6E), but not in the
serum (Figure 6F), of HFS-saline-offspring at P24, compared with the
other two groups, as described in our previous study [14]. Finally, mice
10 MOLECULAR METABOLISM 54 (2021) 101360 � 2021 The Authors. Published by Elsevier GmbH. T
in the HFS-saline-offspring group had significantly higher body and wet
liver masses than the other two groups (Figure 6H and I).

4. DISCUSSION

In our previous study, we demonstrated that feeding an HFS diet during
gestation results in higher body mass gain and more severe metabolic
disorders in the offspring fed HFS after weaning; and that oral
administration of GluOC to the mothers during gestation largely prevents
the obesity and metabolic abnormalities in their offspring [14]. Given
that maternal nutrition and GluOC administration during gestation affect
the offspring during and after maturation, we hypothesized that an in
utero inherited epigenetic mechanism might at least in part determine
the phenotypes of the offspring. Therefore, in the present study, we
attempted to identify the gene(s) responsible for the metabolic disorders
by performing a comprehensive DNA methylation analysis of the liver of
the offspring at P24. Thus, we found that the expression of Pygl, which
is involved in energy homeostasis, is modified by both the maternal diet
and GluOC administration. Specifically, Pygl expression and activation in
the offspring were reduced by maternal HFS-feeding during gestation,
resulting in excessive hepatic glycogen accumulation and hepato-
megaly, similar to that of Pygl-deficient mice [20]. The mutant mice also
had low random serum glucose concentrations and high hepatic in-
flammatory cytokine concentrations, such as those of monocyte che-
moattractant protein (MCP)-1, interleukin (IL)-6, and tumor necrosis
factor (TNF)-a [20], consistent with the findings in HFS-saline-offspring
mice in the current as well as our previous study [14]. The low
expression and activity of Pygl were prevented by the administration of
GluOC during pregnancy, and the levels were higher than in the control
mice, as discussed below.
Liver glycogen is an energy source for the whole body, being used to
replenish blood glucose during fasting through glycogenolysis. Long-
term fasting depletes liver glycogen, such that TG from adipose tis-
sue must be utilized, involving its hydrolysis to glycerol and fatty acids,
followed by b-oxidation of the latter [48]. A recent study demonstrated
that this shift in energy source from hepatic glycogen to adipose tissue
TG involves Pygl-mediated glycogen depletion and liver-brain-adipose
neurocircuitry [48]. Thus, Pygl activity is linked to the use of adipose
tissue TG. In metabolic disorders, such as obesity, TG accumulates in
adipose tissue but is also deposited ectopically in the liver, which is
strongly associated with the development of insulin resistance [49].
Therefore, the promotion of TG catabolism and/or the inhibition of its
synthesis, may ameliorate such disorders and their clinical conse-
quences. In our previous study, feeding of an HFS diet after weaning
induced obesity in mice, as shown by heavier perigonadal white adi-
pose tissue depots, abnormal energy metabolism, and insulin resis-
tance in P95 female HFS-saline-offspring, in comparison to ND-
offspring [14]. In addition, both glycogen and TG accumulated in the
livers of the mice. These results suggest that a decrease in Pygl
expression and activity, perhaps because of DNA hypermethylation,
might explain the subsequent suppression of adipose lipolysis in fe-
male HFS-saline-offspring, which results in obesity. Of the various
types of epigenomic modification, DNA methylation is known to be
preserved and inherited over more than one generation [3]. Therefore,
it is reasonable to believe that the DNA methylation status of the Pygl
promoter region would be imprinted during the fetal period, or by P24
at the latest. Furthermore, because DNA methylation is known to be
conserved between mouse and human [50], and mouse and human
Pygl proteins share 94% sequence homology [20], the same mecha-
nism may exist in humans.
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Figure 6: Assessment of the metabolism of the P24 mice. Biological assays for (A) Pygl activity, (B) hepatic glycogen, (C) hepatic free glucose, (D) serum glucose, and (E)
hepatic and (F) serum triglyceride. The numbers in the columns are the number of samples measured. Data are expressed as mean � SEM. (G) PAS staining of P24 liver from
female offspring in each group, with or without a-amylase treatment, using consecutive tissue sections. Typical staining is shown from more than 10 specimens. (H, I) Body (H) and
liver (I) mass of P24 offspring. The numbers in the columns are the number of samples measured. The horizontal bar indicates the mean with the value. Statistical analysis was
performed using one-way ANOVA and Dunnett’s post-hoc test. *P < 0.05 and **P < 0.01.
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An analysis of the enzymes responsible for DNA methylation by qRT-
PCR and ChIP-qPCR assay revealed that Dnmt3a and Tet1 were
affected by maternal nutrition and GluOC administration. Dnmt3a was
found to bind to XREs in large quantities, without showing any dif-
ference in mRNA expression, and hepatic Tet1 was unaffected by
maternal HFS nutrition at P24, which would have resulted in the
hypermethylation of XREs. The administration of GluOC during preg-
nancy caused a decrease in the mRNA expression and the binding of
Dnmt3a to XREs, whereas it increased both the mRNA expression and
binding of Tet1, which together resulted in lower methylation of XREs,
thereby antagonizing the effect of the maternal HFS diet. However, the
molecular mechanisms involved in the effects of HFS diet-feeding and
GluOC administration during pregnancy on the mRNA expression of
and XRE-binding by Dnmt3a and Tet1 require further elucidation.
Cyclic adenosine monophosphate-response element-binding protein H
(CREBH has been reported to be involved in the circadian expression of
Pygl in fasting mice [19]. However, in the present study, the methyl-
ation status of CREBH binding sites in the Pygl promoter was not
modified by HFS-feeding in mouse liver. Rather, we have shown that
Ahr-XREs are required for both constitutive and inducible Pygl
expression in mouse liver, where a yet-to-be-identified endogenous
Ahr ligand has its effects, and that the methylation status of these
elements in Pygl promoter is modulated by in utero nutrition, with
effects that can persist into adulthood. Whereas a relationship between
Ahr and Pygl has been shown in previous studies [51,52], to our
knowledge, the present study is the first to show that the Ahr activated
by an exogenous ligand, 3-MC, binds to XREs and induces the
expression of a target gene, Pygl. However, the endogenous ligands for
Ahr that would promote Pygl expression have not been definitively
identified. Several endogenous ligands and activators of Ahr have been
reported, but the specific mechanism of its activation in vivo has not
been characterized [37,39,40,53] yet, and Ahr may also be activated
independently of a ligand [54]. Silencing of Ahr using siRNA markedly
reduced the expression of Pygl in hepatocytes in the absence of any
specific stimulation, which suggests that constitutive activation of Ahr-
XREs is sufficient to cause the expression of Pygl and to maintain blood
glucose concentration during fasting.
We found that maternal GluOC administration during gestation
increased hepatic Pygl expression to a level that was higher than that
of the offspring from ND-fed dams. This might be attributable to
hypomethylation of the XRE region causing higher Pygl expression,
because of lower expression of Dnmt3a and higher expression of Tet1.
In addition, maternal GluOC administration during gestation induced
higher OC expression in the offspring liver at P24. The circadian
rhythms of Pygl expression [19] and serum OC concentration [55] are
similar in mice, with peaks between 09:00 a.m. and 12:00 a.m..
Furthermore, circadian Pygl expression is reported to be dependent on
regulation by CREBH during fasting [19,56] and GluOC induces cAMP
production both in adipocytes [57] and hepatocytes (data not shown).
Moreover, cAMP has been reported to directly induce Ahr activation
[40] and OC promoter activity is promoted by cAMP accumulation [43e
45]. These results indicate an association between Pygl expression
and OC in the liver. The present experiments using Hepa1c1c7 cells
revealed that GluOC induces intracellular cAMP accumulation, which
activates CREBH and ATF4, resulting in the upregulation of GluOC itself
and Pygl, but this is inhibited by silencing GPRC6A, a putative receptor
for GluOC. Furthermore, the GluOC produced in hepatocytes is in part
secreted in the mature form, which implies that GluOC derived from
hepatocytes may activate GPRC6A to induce the expression of Pygl and
that of OC itself, in a feed-forward loop in an autocrine and/or paracrine
manner. GluOC may pass through the placenta to induce this feed-
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forward loop in the liver of the fetus, and the effects appear to last
in the liver until P24 and P95. Considering that Pygl upregulation has
also been shown to be induced by an increase in intracellular cAMP
concentration [19,56,58], we believe that the high Pygl expression in
the livers of HFS-GluOC-offspring is the result not only of Pygl hypo-
methylation, but also of an OC-mediated process, which together
reduce glycogen accumulation in HFS-GluOC-offspring versus HFS-
saline-offspring. Pi et al. reported that GPRC6A expression in Hep-
a1c1c7 cells is important for glucose production and that loss of
Gprc6a function in hepatocytes results in alterations in the expression
of genes that are involved in glycogen metabolism [59]; Zhang et al.,
using a liver-specific Gprc6a knockout mouse showed that Gprc6a
directly mediates the effects of GluOC in the liver [60].
In the present study, eight genes other than Pygl are also shown to be
expressed at lower levels in the livers of HFS-saline-offspring than in
those of ND-offspring, probably because of hypermethylation of their
promoter regions. These differences in gene expression might also
influence the phenotype of the HFS-offspring after maturation. For
example, abnormal TG accumulation was present in the livers of HFS-
saline-offspring, which might be attributable to the downregulation of
Apob, because of hypermethylation of its promoter region in the HFS-
offspring liver. An isoform of ApoB synthesized in hepatocytes is ApoB-
100, which is a major structural component of very-low-density lipo-
protein (VLDL) and low-density lipoprotein, forming VLDL with TG and
cholesterol, and this is secreted into the circulation [61]. A significant
decrease in ApoB-100 expression might reduce the release of hepatic
TG into the circulation, resulting in TG accumulation in the liver. The
expression of genes, other than Pygl and Apob, was also altered by
HFS; few genes were further downregulated in response to gestational
GluOC administration, which implies that they might share re-
sponsibility for the metabolic phenotype of the offspring at P24 in the
present study and P95 in the previous study [14].
We conclude that Pygl expression is epigenetically suppressed through
DNA hypermethylation in utero secondary to excessive maternal su-
crose and fat consumption, and this imprinting effect can persist in the
offspring into adulthood when fat utilization is reduced as a result of
aberrant glycogen metabolism. Additionally, maternal GluOC admin-
istration prevents abnormal energy metabolism in the offspring by
improving Pygl expression and activity. Thus, Pygl and GluOC are
important for the developmental imprinting of energy metabolism and
appropriate expression and activity levels are required for efficient fat
utilization in subsequent generations. Our results confirm that factors
determined by the in utero environment, which have been described
using the term “body constitution” [62,63], may be an important cause
of lifestyle-related diseases, such as obesity.
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